Light polarization is a key aspect of modern optics. Current methods for polarization control utilize birefringence and dichroism of anisotropic materials or of arrays of anisotropically shaped nanostructures. Based on collective optical effects, the resulting components remain much larger than the wavelength of light, which limits design strategies. Here, we present a travelling-wave plasmonic antenna that overcomes this limit using a gold-coated helical nanowire non-radiatively fed with a dipolar aperture nanoantenna. Our nonresonant hybrid nanoantenna enables tightly confined circularly polarized light by swirling surface plasmons on the subwavelength scale and taking advantage of optical spin-orbit interaction. Four closely packed circularly polarized light sources of opposite handedness and tunable intensities are demonstrated. By reaching near-field interaction between neighboring nanoantennas, we obtain a highly miniaturized wave plate whose polarization properties have never previously been demonstrated.
A wide variety of optical applications and techniques require control of light polarization.
Traditionally, manipulation of the polarization vector of light is realized with bulky optical elements, which utilize birefringent, dichroic or optically active media. This field has recently experienced extraordinary advances with the emergence of plasmonics, which has provided new mechanisms for light-matter interactions. Surface plasmon (SP) resonances in subwavelength metallic structures have laid the groundwork for metamaterial research, leading to ultrathin circular polarizers [1] [2] [3] and waveplates [4] [5] [6] [7] [8] [9] by locally tailoring the phase of light [9, 10] or generating chirality, optical activity or circular dichroism [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, metamaterials are restricted to areas larger than the wavelength of light, as they rely on collective optical effects on arrays of resonant nanostructures. Therefore, manipulation of light polarization with components and wave plates of negligible footprint, i.e., of subwavelength extent, remains a significant challenge [20] .
A characteristic of travelling SPs guided along curved trajectories is their ability to acquire extrinsic orbital angular momentum (EOAM) [21, 22] and to induce, by leakage, free-space light emission [3] . For sharp curvatures, the EOAM of the SP mode can match the spin angular momentum (SAM) of free-space propagating photons, thereby opening a route towards localized light emissions of controlled helicity, owing to optical spin-orbit interaction (SOI) [21] . On the basis of this EOAM-to-SAM transfer, we have generated a plasmonic helical antenna (PHA) to produce circularly polarized directional light on the subwavelength scale through a swirling plasmonic effect. Our optical antenna differs from existing helical plasmonic structures [1, [24] [25] [26] by its non-resonant nature, thus extending the concept of travelling-wave helical antenna to optics [2, 3] . With four closely packed PHAs of opposite handedness, we demonstrate deterministic manipulation of light polarization with a device of subwavelength lateral extent, while achieving properties in polarization transformation so far unattainable.
Our plasmonic antenna consists of a narrow gold wire wound up in a screw-like shape forming a tiny helix ( Fig. 1(a) ). The gold-coated wire sustains a cutoff-free axially symmetric travelling SP, known as the T M 0 mode [28] (Fig. 1(b) ). It is locally fed with the dipolar mode of a rectangular aperture nanoantenna that perforates a 100 nm thick gold layer right at the helix's pedestal. An incident wave on the back of the aperture is transmitted as a subdiffraction guided SP, which is non-radiatively converted into the wire mode of the helix.
The contact between the aperture and the helix's pedestal ensures efficient near-field coupling between the two plasmonic structures. To identify the travelling-wave nature of the antenna, we showed the intensity of the current along the metallic wire of a four-turn PHA ( Fig. 1(d) ).
The thus-depicted mode closely resembles a travelling wave, as no clearly marked current nodes are evidenced.
In the course of propagation, the plasmon wire mode acquires EOAM oriented along the helix axis (0z). At the same time, the SPs are released as free-space propagating waves carrying an SAM of ±1 per photon (in units). Part of the emitted waves interacts with the helix and re-excites the plasmon wire mode, thereby participating in the swirling plasmonic effect. This travelling wave property arises from the fact that our PHA is a chiral plasmonic waveguide operating near cutoff. The degree of circular polarization (DOCP) of the emitted waves refers to the distribution of photons prepared in the spin states +1 and −1. The DOCP is defined as |I RCP − I LCP |/(I RCP + I LCP ) where I RCP and I LCP stand for the intensities of the right and left circularly polarized components of the antenna emission, respectively [4] . A PHA designed for operation at λ=1.5 µm has been predicted to emit light with polarization ellipticity and a DOCP peaking at 0.97 and 0.999, respectively ( Fig. 1(c) ).
Our fabrication of the corresponding structures started with the growth of carbon helices by focused ion beam-induced deposition (FIBID) [1] on a 100 nm thick gold film covering a glass substrate. The carbon helices were then coated with a thin layer of gold. The PHA was terminated by focused ion beam (FIB) milling of a single rectangular aperture nanoantenna in contact with the helix pedestal and outside the winding area of the plasmonic wire (see Supplementary Fig. 5 ). Fig. 2 polarized light from a tunable laser at telecommunication wavelengths, the antenna emissions were measured and their polarization state was analyzed (see Methods). The observed polarization properties (Fig. 2(b) and 2(c)) agree well with the theoretical model. As anticipated in Fig. 2(b) , a gold coating thinner than predicted may explain the noticeable redshift in the experimental spectra with respect to the numerical simulation. properties of 3D metal-coated helical wires.
Simulations
All the numerical simulations of the antenna emission process are realized using the 3D FDTD method. The plasmonic helix geometry considered in this study consists of a 105 nm diameter carbon wire wound up in the form of a four-turn corkscrew-type structure and covered with a 25 nm thick gold layer. The resulting helix has a 505 nm outer diameter and is 1.66 µm high. It is positioned on a pedestal considered a 105 nm diameter and 100 nm high carbon rod whose cylindrical lateral side is covered with a 25 nm thick gold layer. The helix pitch angle is approximately 20.7
• . The helix pedestal lies on a 100 nm thick gold layer deposited onto a glass substrate. The rectangular aperture nanoantenna, with a width and length equal to 40 nm and 370 nm, respectively, is engraved in the metal layer. Its centre is located at x = y = 0. z = 0 corresponds to the upper surface of the gold layer that covers the glass substrate. To excite the PHA, a Gaussian beam (beam waist equal to 1.5 µm) impinges onto the rectangular aperture nanoantenna at normal incidence from the backside. Two operation modes of the PHA are here investigated. They involve optical propagation in two opposite directions within the PHAs (Supplementary Fig. 7 ). In the emission mode Fig. 7 ). In the former case, the polarization of the incident collimated wave is manipulated using a fixed polarizer (LPNIR100-MP2) and a half-wave plate • relative to the polarizer axis, respectively. For circular dichroism measurements (Fig. 3) , the combination of a linear polarizer and half-wave plate used in the illumination bench is replaced by a polarizer coupled to a quarter-wave plate (see insets of Supplementary Fig.   7 ). The detection bench consists of an objective, a field lens and a camera.
their respective intensities. Such a configuration can be simply modeled by the interference of two co-propagating plane waves described by parallel polarization ellipses.
Owing to the field projection rules defined by the two pairs of orthogonal aperture nanoantennas, the electric fields E 1 and E 2 of these two waves can take the following form:
The two light waves show the same wave vector (0, 0, w). (x, y, z) are the space coordinates, ω is the angular frequency, and t refers to time. b 1 and b 2 are two positive constants smaller than 1, called ellipticity factors.
Circular polarization arises when:
where K is a constant, thus imposing:
Right and left circular polarizations are then obtained for two specific values of θ that are dependent on the ellipticity factors b 1 and b 2 of the two initial waves.
More generally the electric field resulting from the wave combination can be written
We can consider this total field as an elliptically polarized wave whose major and minor radii take respectively the form :
where ∆ξ refers to the phase difference between E x and E y [3] . From Eqs. 6 and 7, we anticipated the polarization state of the four-PHA emission, as a function of the projection angle θ (Supplementary Fig. 10 ). We considered the particular case where 
